Early Cretaceous lawsonite eclogites and related high-pressure rocks occur as tectonic inclusions within serpentinite mélange south of the Motagua fault zone, Guatemala. Petrologic and microtextural analyses of mafic high-pressure rocks reveal three metamorphic stages linked to several deformational textures. The prograde stage represents an incipient eclogitization and is preserved in prograde garnet, along with an older S 1 -S 2 foliation. The prograde assemblage is garnet (X Mg = ~0.22) + omphacite (~52 mol% jadeite) or jadeite (~83 mol % jadeite) + lawsonite + chlorite + rutile + quartz ± phengite (3.6 Si p.f.u.); some rocks also have ilmenite and rare ferroglaucophane. Lawsonite in garnet of some lawsonite eclogites contains rare pumpellyite inclusions. The presence of synmetamorphic brittle deformation, inclusions of pumpellyite, Fe 2+ -Mg distribution coefficients between omphacite inclusions and adjacent garnet with Ln(K D ) = 2.7-4.5, and garnet-clinopyroxene-phengite thermobarometry suggest that eclogitization initiated at temperature (T) = ~300 °C and pressure (P) > 1.1 GPa, and continued to T = ~480 °C and P = ~2.6 GPa. In contrast, the retrograde eclogite-facies assemblage is characterized by reversely zoned garnet rims and omphacite ± glaucophane + lawsonite + rutile + quartz ± phengite (3.5 Si p.f.u.) along the S 3 foliation. Garnet-phengite-clinopyroxene thermobarometry yields P =~1.8 GPa and T = ~400 °C. The youngest, blueschist-facies assemblage (glaucophane + lawsonite + chlorite + titanite + quartz ± phengite) locally replaces earlier mineral assemblages along S 4 crenulations. The inferred prograde P-T trajectory lies near a geotherm of ~5 °C km -1 , comparable to the calculated thermal and petrologic structure of the NE Japan subduction zone. These petrologic characteristics indicate:
INTRODUCTION
An incredibly cool paleogeotherm near ~5 °C km -1 is one of the critical features of diamond-bearing ultrahigh-pressure (UHP) metamorphic rocks as well as lawsonite eclogites (e.g., Liou et al., 2000; Rumble et al., 2003; Maruyama and Liou, 2005) . Although preservation of such an extremely low geotherm is rare in orogenic belts, thermal models of subduction zones predict cold temperatures in subduction zones where old lithosphere is rapidly subducting, such as beneath present-day Tonga and NE Japan (e.g., Kirby et al., 1996; Peacock and Wang, 1999; Hacker et al., 2003a Hacker et al., , 2003b . Also, experiments using mid-ocean-ridge basalt (MORB) compositions as precursors predict that subducted oceanic crust transforms to lawsonite eclogite from blueschist (e.g., Pawley, 1994; Poli and Schmidt, 1995; Pawley et al., 1996; Okamoto and Maruyama, 1999) . Furthermore, lawsonite is stable along a cold geotherm down to 300 km depth and is proposed to be a major H 2 O reservoir in subducted oceanic crust. The occurrence of lawsonite eclogite xenoliths in ultramafic diatremes of the Colorado Plateau (Watson and Morton, 1969; Helmstaedt and Schulze, 1988; Usui et al., 2003) implies that lawsonite-eclogite-facies conditions may be common in Pacific-type subduction. Questions about this process include: how does downgoing oceanic crust transform to lawsonite eclogite in a cold subduction? What are the pressure-temperature (P-T) paths for lawsonite eclogites? What prograde dehydration events are preserved in lawsonite eclogites during eclogitization?
So far, at least ten localities of lawsonite eclogite are known (excluding xenoliths), including (1) Motagua fault zone, Guatemala (McBirney et al., 1967; Smith and Gendron, 1997; Harlow et al., 2003 Harlow et al., , 2004 Tsujimori et al., 2005) , (2) Samaná Peninsula, Hispaniola (Dominican Republic) , (3) Schistes Lustrés, Corsica (Caron et al., 1981; Caron and Péquignot, 1986) , (4) Central Pontides, Turkey (Altherr et al., 2004) , (5) Port Macquarie, New England fold belt, Australia (Och et al., 2003) , (6) Pinchi Lake, British Columbia, Canada (Ghent et al., 1993) , (7) Ward Creek, Franciscan complex, California, USA (Maruyama and Liou, 1988; Oh et al., 1991; Shibakusa and Maekawa, 1997) , (8) Barru complex, Sulawesi, Indonesia (Parkinson et al., 1998) , (9) Pam Peninsula, New Caledonia (Clarke et al., 1997) , and (10) Motalafjella, western Spitsbergen (Hirajima et al., 1988 ) (See review of Tsujimori et al., 2006) . Elsewhere higher-T epidote-bearing assemblages variably overprint most lawsonite-eclogite assemblages. In contrast, the Guatemalan lawsonite eclogite contains garnet porphyroblasts that grew only within the lawsonite stability field (Tsujimori et al., 2005) . In this paper, we describe the detailed petrologic characteristics of the Guatemalan lawsonite eclogite. Together with microstructural features, these data are used to establish the prograde and retrograde P-T paths. This characterization of lawsonite eclogite helps us to understand metamorphic processes in a cold subduction zone with an extremely low geotherm.
Mineral abbreviations are after Kretz (1983) ; we also use aegirine (Ae), ferroglaucophane (Fgl), phengite (Phe), and coesite (Coe) throughout this paper.
GEOLOGIC SETTING
Active volcanic arcs or strike-slip fault systems characterize the present-day Caribbean plate margins. Along the northern and southern plate margins, there are Cretaceous blueschists, and eclogites (±rare garnet peridotites) extending from Guatemala (e.g., Tsujimori et al., 2005) , through Cuba (e.g., Schneider et al. 2004) , Jamaica (Draper, 1986) , and Dominican Republic (e.g., Giaramita and Sorensen, 1994; Abbott et al., 2005) and farther south to Venezuela (e.g., Sisson et al., 1997) and Colombia (Green et al., 1968) (Fig. 1) . These high-pressure rocks are associated with serpentinite, Jurassic-Cretaceous ophiolites, and/or accretionary complexes. The protoliths for these various high-pressure terranes vary from MORB to continental lithologies to island-arc volcanics (e.g., Sorensen et al., 1997 Sorensen et al., , 2005 Beccaluva et al., 1995; Unger et al., 2005) .
The northern boundary of the Caribbean plate in Guatemala is the Motagua fault zone, a left-lateral strike-slip fault that is part of the suture zone juxtaposing the Maya and Chortís continental blocks. The Motagua fault zone extends into the Caribbean plate along the Swan Islands fracture zone to the Cayman Trough. Along the Motagua fault zone in central Guatemala, serpentinite bodies are exposed on either side of the Río Motagua; the serpentinite-matrix mélange stretches ~220 km throughout central and eastern Guatemala (e.g., Harlow et al., 2004) (Fig. 2) . The strike-slip fault system includes the E-W-trending Sierra de Chuacús and Sierra de Las Minas. To the north, the Motagua fault zone is bounded by epidote-amphibolite-to amphibolitefacies gneiss and schist with rare relict eclogites of the Chuacús Somin et al. (1992) , Stöckhert et al. (1995) , Smith et al. (1999) , Gonçalves et al. (2000) , Schneider et al. (2004) , and Harlow et al. (2004) . terrane (Ortega-Gutiérrez et al., 2004) . North of the Chuacús terrane, Paleozoic Santa Rosa Group sediment and deformed granite constitute the basement of the Maya block. To the south, the basement of the Chortís block is the low-grade greenschist-facies San Diego phyllite and amphibolite-facies Las Ovejas complex. The serpentinite-matrix mélange along the Motagua fault zone consists of meter-size blocks of ophiolitic rocks, highpressure metamorphic rocks, and various metasomatic rocks. Some of the serpentinites host world-class localities of jadeitite (e.g., Harlow, 1994) . Based on dissimilar rock assemblages and 40 Ar/ 39 Ar phengite geochronology, the serpentinite-matrix mélange can be divided into northern and southern belts (Harlow et al., 2004) . The northern belt consists of amphibolite, gneiss, amphibolitized epidote-eclogite, and jadeitite with phengite 40 Ar/ 39 Ar integrated ages of 77-65 Ma. In contrast, the southern belt is characterized by blueschist, lawsonite eclogite, and lawsonite-bearing jadeite with phengite 40 Ar/ 39 Ar integrated ages of 125-116 Ma. The southern eclogite has an Sm-Nd garnet-omphacite-whole-rock isochron age of 135 Ma . These Cretaceous cooling ages are mostly comparable to those of eclogites and blueschists from Cuba, Hispaniola, and Venezuela (e.g., Somin et al., 1992; Gonçalves et al., 2000; Schneider et al., 2004; Sisson et al., 2005) .
ECLOGITES IN THE QUEBRADA DEL MICO AND QUEBRADA SECA

Mode of Occurrence
A fault-bounded eclogite-bearing serpentinite mélange unit occurs in the Carrizal Grande area, south of the Motagua fault zone (Fig. 2) . A large amount of eclogite and related rocks are exposed as loose blocks (<10 m) in landslide debris along the Quebrada El Silencio, Quebrada del Mico, and the Quebrada Seca, streams that feed into Río Jalapa or El Tambor. The eclogitic blocks are sandwiched between antigorite serpentinite and phyllite, and the exposures cover an area of ~4 × 0.5 km. The blocks include eclogitic rocks, minor jadeitite, and mica schist (phengite-rich schist); rare eclogites intercalated with graphite-bearing quartz mica schists suggest a protolith mixture of mafic rocks with some semipelagic sedimentary rocks. Serpentinite associated with eclogitic blocks consist of schistose, friable antigorite serpentinite. The eclogitic blocks are rounded; rare tremolite-or glaucophane-rich rinds are observed. At least four types of eclogitic rocks are recognized: jadeite-bearing lawsonite eclogite, type I lawsonite eclogite, type II lawsonite eclogite, and garnet-bearing lawsonite blueschist (Fig. 3) . The jadeite-bearing lawsonite eclogite is a pale-green, weakly foliated, rare rock containing up to 75 vol% garnet + clinopyroxene; it can be subdivided into fine-and coarse-grained varieties based on the size of the garnet porphyroblasts. In particular, the coarse-grained jadeite-bearing lawsonite eclogite has garnet porphyroblasts up to 1.5-2.5 cm in diameter (Tsujimori et al., 2005) (Fig. 3A) . Type I lawsonite eclogite, dominant in Quebrada del Mico, is green and massive, with 0.5-1.0 cm garnet (Fig. 3B) . Type I lawsonite eclogite is cut by irregularly shaped, retrograde, glaucophane-rich hydrous veins (1-15 cm wide). Type II lawsonite eclogite is well-foliated glaucophane-bearing eclogite (Fig. 3C) , and the dominant rock in Quebrada Seca. Most have millimeter-to centimeter-scale compositional banding defined by omphacite-and glaucophane-bearing layers. The modal abundance of garnet + omphacite reaches locally up to 80% in type I and II lawsonite eclogite. Garnet-bearing lawsonite blueschist is a well-foliated schist that contains omphacite (<10 vol%) (Fig. 3D) .
Textural Variation and Structural Framework
Most eclogitic rocks in the Carrizal Grande area preserve textural evidence for multiple stages of deformation, prograde metamorphism, and retrograde metamorphism prior to the formation of the mélange (Fig. 3) . Similar deformation relationships in various blocks enable us to explain their synmetamorphic deformational history.
Meso-and microstructural analyses show four phases of deformations: D 1 , D 2 , D 3 , and D 4 (Fig. 4) , based on overprinting relationships among polyphase tight-isoclinal folds, boudinaged layers, inclusion trails in garnet, and late crenulations. The D 3 phase of deformation and recrystallization is dominant in most rocks. In particular, penetrative S 3 schistosity can be observed in all type II lawsonite eclogite and garnet-bearing quartz-phengite schist (Figs. 3C, 4E , and 4I). The early S 2 schistosity is preserved in jadeite-bearing lawsonite eclogite, type I lawsonite eclogite, and rare type II lawsonite eclogite (Fig. 3A) . The transition from S 2 to S 3 is observed in F 3 folds; S 2 was folded during D 3 with the development of newly formed S 3 along the axial planes of F 3 folds (Figs. 3H and 3I ). The schistosity in garnet-bearing quartz-phengite schist is presumed equivalent to S 3 , and inclusion trails in garnet that are nearly perpendicular to matrix schistosity may be equivalent to S 2 (Fig. 3E) . During D 3 , type I lawsonite eclogite was boudinaged within its glaucophane-rich host type II lawsonite eclogite (Fig. 3D) . Jadeite-bearing lawsonite eclogite that preserves pre-D 3 structures is interpreted as meter-scale boudins barely affected by D 3 . Evidence of D 1 includes S 1 inclusion trails in garnet of jadeite-bearing lawsonite eclogite (Fig. 3A) ; inclusion trails comparable to S 1 are rarely observed in garnet cores in garnet-bearing quartz-phengite schist (see later section). D 4 deformation is minor, but includes open F 4 crenulations in garnet-bearing lawsonite blueschist (Fig. 3D) . Centimeter-scale chevron folds in a loose block of serpentinite may be part of D 4 (Fig. 3F) . Note, these stages of deformation are mostly within the eclogite blocks and are different from the five generations of ductile and four stages of brittle deformation observed in the basement and host serpentinite (e.g., Francis et al., 2005; Francis, 2005) . For example, chevron folds in serpentinite can also be related to chevron folds formed during the D 5 deformation seen in the San Diego phyllite (Francis, 2005) . 
PETROGRAPHY
Jadeite-Bearing Lawsonite Eclogites
The jadeite-bearing lawsonite eclogites are subdivided into coarse-and fine-grained rocks. The coarse-grained jadeite-bearing lawsonite eclogites have two generations of jadeitic pyroxene, which consist of sodic pyroxene and garnet, with minor rutile, phengite, chlorite, ferroglaucophane, lawsonite, titanite, ilmenite, and quartz (Tsujimori et al., 2005) . Large garnet porphyroblasts (1.5-2.5 cm) contain oriented inclusions of sodic pyroxene, rutile, ferroglaucophane, quartz, lawsonite, and phengite with inclusions of chlorite and ilmenite are restricted to garnet cores. Inclusion trails in garnet define an internal S 1 foliation. The weakly foliated matrix consists of sodic pyroxene with minor lawsonite, rutile, quartz, and phengite; the preferred orientation of phengite and fine-grained sodic pyroxene define an S 2 foliation at a high angle to the internal fabric S 1 in garnet. Impure first-generation jadeite (Jd-I) occurs as subhedral blasts up to 1.5 mm in length, while second generation jadeitic pyroxene (Jd-II) occurs in finegrained aggregates associated with minor omphacite (Fig. 5A ). Matrix rutile is often rimmed by titanite; rare matrix jadeitic pyroxene may be replaced by albite. Although the effects of D 3 and D 4 were not recognized, the matrix was partly recrystallized during retrogression.
The fine-grained lawsonite eclogite lacks the centimetersize large garnet (Fig. 5B) ; garnet porphyroblasts, up to 4 mm in size, are scattered in a nematoblastic foliation S 2 defined by preferred orientation of prismatic omphacite (<1 mm in length) and phengite. It contains omphacite and garnet with minor amounts of lawsonite, jadeite, phengite, quartz, and rutile. Rare albite is found as a secondary mineral replacing jadeite. Subhedral garnet contains mineral inclusions of omphacite, phengite, rutile, and tiny (<0.05 mm) lawsonite and rare quartz; inclusion trails are in continuity with external foliation S 2 . Another important feature is that the older inclusion trail S 1 is not present. In some samples, matrix omphacite is partially contained within garnet. Omphacite is optically zoned, and contains oriented tiny mineral inclusions (<0.02 mm) of quartz and lawsonite in the greenish cores (Fig. 5B) . Jadeite occurs as discrete grains (<0.5 mm) and contains rare rutile inclusions. Matrix rutile does not have a titanite rim.
Type I Lawsonite Eclogites
Type I lawsonite eclogite has 5-10 mm euhedral garnet scattered in a fine-grained, granoblastic, weakly foliated matrix (Figs. 5C and 5D). The matrix consists of omphacite and lawsonite, with minor chlorite, titanite, phengite and quartz; locally, omphacite occurs as fine-grained aggregates. Garnet porphyroblasts contain abundant inclusions of lawsonite, omphacite, rutile, ilmenite, and chlorite; most lack ilmenite and chlorite in their rims. Lawsonite inclusions in garnet cores contain rare <0.02 mm pumpellyite. Rutile in garnet does not have a titanite rim. In some samples, nearly inclusion-free garnet rims enclose inclusion-rich garnet. Late-stage phengite occurs along garnet grain boundaries and fills some fractures in garnet. Two different schistosities, S 2 and S 3 , are recognized in the matrix. Lawsonite-rich seams and laminae define S 2 ; also, titanite overgrowths around rutile are aligned parallel to S 2 . The S 2 is weakly crenulated, and locally cut by S 3 (Fig. 5D ). In some samples, inclusions within garnet show a strong fabric comparable to S 2 that is not continuous with S 3 (Figs. 5D and 5E). These textures indicate that the main growth of garnet occurred during D 2 . Crack-seal veins of elongateblocky omphacite and lawsonite locally break up the matrix (Fig. 5C ); these crack-seal veins can be traced into euhedral garnet as bands of oriented coarser omphacite and lawsonite (Fig. 5C ). These textures indicate that D 2 involved brittle deformation during eclogite-facies conditions.
In the retrograde glaucophane-rich hydrous veins, the matrix is intensely recrystallized into fine-grained aggregates of glaucophane and omphacite (<0.3 mm) and unoriented, poikiloblastic subhedral to euhedral titanite (<1.5 mm in length). Glaucophane is intergrown with recrystallized omphacite, and titanite contains abundant tiny inclusions of glaucophane and omphacite. Rare coarse-grained phengite also grew in the hydrous veins.
Type II Lawsonite Eclogites
The type II lawsonite eclogite is a glaucophane-bearing nematoblastic matrix containing subhedral to euhedral 3-10 mm garnet, and is composed of omphacite, glaucophane, garnet, and lawsonite, with minor titanite, phengite, chlorite, and quartz. A penetrative S 3 schistosity is defined by oriented prismatic omphacite and glaucophane with granoblastic lawsonite (Figs. 3C and 5G). Garnet porphyroblasts contain inclusions of omphacite, lawsonite, rutile, quartz, and rare phengite. Some garnet cores contain rare K-feldspar-rather than phengiteinclusions. The internal fabric of the inclusions in garnet is discontinuous with the external foliation S 3 . In some garnets, nearly inclusion-free rims enclose inclusion-rich cores. Some prismatic omphacites (<0.5 mm in length) contain inclusions of needle-like quartz, lawsonite, rutile, with rare glaucophane in the core. Pale violet glaucophane contains inclusions of rutile, lawsonite, omphacite, and rare zircon. Most lawsonite is twinned and contains rare inclusions of rutile. Titanite replaces most rutile (Fig. 5G) , except for rutile inclusions in garnet.
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Figure 4. Schematic illustration showing development of the structural relationships.
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Garnet-Bearing Lawsonite Blueschist
The garnet-bearing lawsonite blueschist is petrographically similar to the type II lawsonite eclogite, but has <10 vol% omphacite. It has a similar mineral assemblage of glaucophane, lawsonite, and garnet with minor omphacite, titanite, phengite, chlorite, and quartz. Garnet porphyroblasts (5-8 mm in size) contain inclusions of omphacite, lawsonite, rutile, quartz, and rare ferroglaucophane. Titanite in the matrix contains rare relict rutile. Recrystallization is more extensive than in the type II lawsonite eclogite. Most garnets have chloritized fractures with rare stilpnomelane. Secondary albite is associated with other retrograde minerals, such as titanite, chlorite and stilpnomelane.
Garnet-Bearing Quartz-Phengite Schist
The garnet-bearing quartz-phengite schist is a lepidoblastic, micaceous metapelite composed of quartz and phengite, minor garnet, lawsonite, glaucophane, rutile, titanite, and graphite. A penetrative S 3 schistosity defined by the preferred orientation of phengite is locally gently folded and crenulated (F 4 ) (Fig. 3D) . Garnet occurs as euhedral to subhedral grains with a bimodal size distribution. Most millimeter-size garnets (normally 0.2-4 mm; rarely up to 2 cm) are poikiloblastic, with inclusions of granoblastic quartz, lawsonite, and fine-grained phengite (Fig. 5H ) that preserve an early S 2 schistosity (Figs. 3E and 5H). In contrast, small garnet grains (<0.5 mm) are inclusion free and lie parallel to S 3 . Pre-S 2 inclusion trails interpreted as S 1 can be seen in the large garnet cores (Fig. 5H) . Lawsonite occurs as poikiloblastic, subhedral prisms (<1.5 mm) containing inclusions of quartz, rutile, garnet, and phengite; rare pumpellyite is included in lawsonite. Nearly colorless, nematoblastic glaucophane is <2 mm wide and contains inclusions of garnet and rutile. Some glaucophane is replaced by fine-grained aggregates of actinolite and chlorite.
MINERAL PARAGENESES AND METAMORPHIC STAGES
At least two metamorphic stages, an eclogite stage and a blueschist stage, can be distinguished in all rock types. Moreover, the eclogite stage can be subdivided further into prograde eclogite and retrograde eclogite stages. Mineral parageneses for the different metamorphic stages are summarized in Figure 6 . The prograde eclogite stage is recorded in prograde-zoned garnet with older S 2 (or S 1 ) foliation, whereas the retrograde eclogite stage is recorded in reversely zoned narrow garnet rims and in the mineral assemblage formed during S 3 . The blueschist stage represents post-eclogite-facies recrystallization and hydration during decompression.
The mineral assemblages and their pseudomorphs formed during S 2 (or S 1 ) characterize the prograde eclogite stage. This includes Grt + Omp + Lws + Rt + Qtz in mafic lithologies; some rocks also have chlorite, phengite, ferroglaucophane, ilmenite, and K-feldspar. Jadeite occurs instead of omphacite in jadeite eclogite. Eclogite-stage chlorite can be texturally distinguished from later blueschist-stage chlorite. Rare lawsonite contains pumpellyite as precursor inclusions. The minerals of this metamorphic stage are best preserved in the prograde-zoned garnets in all mafic lithologies and in the matrix of the fine-grained jadeite eclogite. The retrograde eclogite stage includes the reversely zoned rims of Grt plus Omp + Lws ± Gln + Rt + Qtz ± Phe ± Chl. This assemblage is 
MINERAL CHEMISTRY
Electron microprobe analysis was carried out with a JEOL JXA-8900R at Okayama University of Science. Quantitative analyses were performed with 15 kV accelerating voltage, 12 nA beam current, and 3-5 μm beam size. Natural and synthetic silicates and oxides were used as standards for calibration. The CITZAF method (Armstrong, 1988) was employed for matrix corrections. Representative analyses are listed in Table 1 . Fe was assumed to be Fe 2+ unless otherwise noted.
Garnet
All of the garnet is zoned with spessartine-rich cores, except for garnet in the fine-grained jadeite eclogite (Fig. 7) . X Mg [= Mg/(Mg + Fe 2+ )] increases continuously from core to rim, but the nature of this trend varies with rock type. For example, the lowest X Mg values are type I lawsonite eclogite (0.22), type II lawsonite eclogite/garnet-bearing lawsonite blueschist/garnet-bearing quartz-phengite schist (0.16-0.17), and jadeite eclogite (0.12-0.14). Reversely zoned rims, some with micron-scale oscillatory zoning, can be observed in some type I lawsonite eclogite, type II lawsonite eclogite, and garnetbearing lawsonite blueschist (Fig. 7E) . Garnet in coarse-grained jadeite eclogite has an almandine-rich composition: alm 55-76 grs 17-28 prp 0.8-10 sps 0-22 , with X Mg = 0.02-0.12. Garnet in fine-grained jadeite eclogite has a spessartine-poor composition: alm 63-71 grs 20-25 prp 2-11 sps 1-4 , with X Mg = 0.07-0.14; spessartine-rich cores were not observed. Garnet in the type I lawsonite eclogite is Ca and Mg rich relative to other rock types. It has a wider compositional range: alm 54-69 grs 24-30 prp 2-16 sps 1-17 , with X Mg = 0.04-0.22; the highest X Mg rim values are higher than in the other rock types. Garnet in type II lawsonite eclogite is alm 54-75 grs 18-24 prp 4-14 sps 0.5-22 , with X Mg = 0.04-0.17; in some samples, the maximum X Mg is similar to that in coarsegrained jadeite eclogite. Garnet in garnet-bearing lawsonite blueschist is alm 59-73 grs 17-26 prp 4-13 sps 0.3-15 , with X Mg = 0.09-0.16. Poikiloblastic garnet in the garnet-bearing quartz-phengite schist is relatively poor in spessartine at the cores and has the composition: alm 63-72 grs 18-24 prp 4-13 sps 0.3-7 , with X Mg = 0.05-0.16. In contrast, fine-grained garnet in garnet-bearing quartz-phengite schist is richer in spessartine: alm 49-68 grs 16-22 prp 3-12 sps 4-31 , with X Mg = 0.05-0.15. Figure 8 shows clinopyroxene compositions from each rock type; the Fe 2+ /Fe 3+ ratio and end-member components were calculated following Harlow (1999) . Jadeite eclogites contain a bimodal compositional distribution of omphacitic and jadeitic clinopyroxene. The coarse-grained jadeite eclogite contains two generations of sodic pyroxene (Tsujimori et al., 2005) . The prograde jadeitic pyroxene (Jd-I) has a composition intermediate between jadeite and omphacite (jd 62-75 di+hd 16-24 ae 0-18 ; X Mg = 0.09-0.93). Later-stage (blueschist-stage) jadeitic pyroxene (Jd-II) has a significantly higher jadeite component (jd 74-87 di + hd 9-16 ae 0-11 ; X Mg = 0.30-0.90), and coexists with minor omphacite (jd 42-50 di + hd 36-46 ae 7-16 ; X Mg = 0.70-0.88). Some Jd-I inclusions in garnet are also partly recrystallized into two pyroxenes. In contrast, the fine-grained jadeite eclogite contains two coexisting prograde pyroxenes: omphacite (jd 33-52 di + hd 36-53 ae 0.2-19 ; X Mg = 0.58-0.97) and jadeite (jd 69-83 di + hd 9-17 ae 0-15 ; X Mg = 0.47-1); the inclusion-rich green cores are slightly enriched in aegirine. Omphacite in type I lawsonite eclogite is jd 32-51 di + hd 40-50 ae 0-23 ; X Mg ranges from 0.62 to 0.98. Omphacite inclusions within garnet are commonly enriched in aegirine, whereas recrystallized grains in the matrix are poor in aegirine. Omphacite in type II lawsonite eclogite is aegirine rich and jadeite poor relative to the other rock types (jd 25-44 di + hd 37-52 ae 5-30 ; X Mg = 0.65-0.97). Some omphacite inclusions within garnet have a higher aegirine component than matrix omphacite. Omphacite in garnet-bearing lawsonite blueschist has similar compositions to that of type II lawsonite eclogite (jd 26-43 di + hd 43-54 ae 5-17 ; X Mg = 0.69-0.94); the omphacite inclusions in garnet are rich in aegirine.
Clinopyroxene
Amphiboles
Compositions of sodic amphibole are plotted in Figure 9 ; the structural formulae of amphiboles were calculated based on O = 23, and the Fe 2+ /Fe 3+ ratio was estimated with total cation = 13, excluding Ca, Na, and K. All sodic amphibole is low in Ca (0.02-0.25 p.f.u.) and IV Al (0-0.16 p.f.u.). The inferred Fe 3+ /(Fe 3+ + Al) ratio is typically <0. 
Lawsonite
The compositions of lawsonite are plotted in Figure 10 ; all Fe is assumed to be Fe 3+ . The lawsonite has 0.01-0.06 Fe 3+ , 1.90-2.00 Al, and 0.93-1.00 Ca p.f.u. of 8 oxygen. The Fe 3+ /(Fe 3+ + Al) ratio ranges from 0.003 to 0.03. There is no systematic chemical zoning, however, a negative correlation between Al and Fe 3+ suggests substitution of Fe 3+ for Al in the octahedral site. There are no compositional differences between different textural types of lawsonite within the same sample. Lawsonite in garnetbearing quartz-phengite schist contains a significantly lower Fe 3+ concentration, consistent with the occurrence of graphite.
Chlorite
Chlorite shows a wide compositional variation that varies with rock type (Fig. 11) . Mn content has a good negative correlation with X Mg . Chlorite inclusions in garnet in coarse-grained jadeite eclogite are low in X Mg (0.09-0.10) and Si (5.4-5.5), and high in Al (5.2-5.3 p.f.u.), in contrast to other rock types (X Mg = 0.30-0.70 and 4.4-5.1 Al p.f.u.). The X Mg values increase from type I lawsonite eclogite (0.48-0.70) to type II lawsonite eclogite/ garnet-bearing lawsonite blueschist/garnet-bearing quartzphengite schist (0.30-0.52) to jadeite eclogite (0.12-0.14).
Phengite
Phengite in the investigated rocks has a wide compositional range with high Si (3.45-3.65 p.f.u.) and low Na/(Na + K) (0.01-0.06); X Mg varies from 0.63 to 0.82 (Fig. 12) . There are no apparent differences in composition among different textural types of phengite in individual samples. However, late-stage phengite in the type I lawsonite eclogite is relatively low in Si.
Pumpellyite
Pumpellyite inclusions within lawsonite of type I lawsonite eclogite and garnet-bearing quartz-phengite schist are Al rich, with Al/(Al + Fe + Mg) = 0.78-0.88, and contain 0.09-0.21 wt% Na 2 O (Fig. 13) . Pumpellyite in type I lawsonite eclogite is less magnesian (X Mg = 0.15-0.16) than in the garnet-bearing quartz-phengite schists (X Mg = 0.51-0.55).
Other Minerals
Ilmenite inclusions in the cores of garnet in coarse-grained jadeite eclogite and type II lawsonite eclogite contain 2.8-7 wt% MnO. Titanite in the mafic rock types contains 0.6-1.2 wt% Al 2 O 3 , whereas rare titanite in garnet-bearing quartz-phengite schist contains <2.5 wt% Al 2 O 3 . Stilpnomelane in type II lawsonite eclogite and garnet-bearing lawsonite blueschist has X Mg = 0.36-0.40. Figure 10 . Compositional variation of lawsonite in high-pressure rocks from Carrizal Grande. Grt-Qtz-Phe schist-garnet-bearing quartz-phengite schist; LwEC-lawsonite eclogite; Grt-LwBS-garnetbearing lawsonite blueschist; JdEC-jadeite eclogite.
P-T CONDITIONS OF METAMORPHISM
The P-T conditions for each metamorphic stage can be constrained through the use of phase equilibria, thermobarometry, and petrogenetic grids. In this study, calculations to obtain phase equilibria were carried out using version 3.25 of THERMOCALC (Powell et al., 1998) ; the activities of mineral end members for calculations were obtained using the AX program of T.J.B. Holland (http://www.earthsci.unimelb.edu.au/ tpg/thermocalc/). Characteristic features for each stage are described below.
Prograde Eclogite Stage
The prograde eclogite-facies assemblage is Grt + Omp (or Jd) + Lws + Chl + Rt + Qtz ± Ilm ± Fgl ± Phe in mafic rock types. As described in the preceding section, the X Mg of garnet increases continuously from spessartine-rich cores to almandine- (Maruyama and Liou, 1987) , ocean-floor basalt of Deep Sea Drilling Project (DSDP)/Ocean Drilling Program (ODP) Hole 504B (Ishizuka, 1999) , and East Taiwan ophiolite (Liou, 1979) are also shown. Grt-Qtz-Phe schist-garnet-bearing quartz-phengite schist; LwEC-lawsonite eclogite.
rich rims. This implies a progressive increase in temperature during the growth of garnet by consumption of chlorite (e.g., Enami, 1998; Inui and Toriumi, 2004 (Okay, 2002) .
The absence of talc suggests a minimum temperature around 290-300 °C for the core compositions of eclogitic garnets with S 1 or S 2 for this reaction (Fig. 14A) This constraint indicates a metamorphic temperature of ~380-390 °C for the garnet core in coarse-grained jadeite eclogite (Fig. 14A) . Moreover, the presence of Jd + Lws + Rt and the absence of paragonite in the jadeite eclogite constrain the pressure (P > 1.4 GPa at T = ~400 °C) with the reactions (Fig. 14A Figure 14 . Qualitative pressure-temperature (P-T) path of lawsonite eclogite from Carrizal Grande. (A) Selected reaction curves to constrain metamorphic conditions. Numbered reactions are discussed in the text. Gray area represents the P-T field of the prograde eclogite stage constrained by the Jd + Qtz = Ab equilibria (Holland, 1983) , and garnet-clinopyroxene thermometry (Krogh Ravna, 2000) . (B) Comparisons of P-T path for Guatemalan lawsonite eclogite (this study) with the inferred P-T path of the highest-grade rocks of the Sanbagawa metamorphic belt (gray arrows: Ota et al., 2004) and P-T conditions for oceanic crust beneath present-day NE Japan (cold) and SW Japan (warm) subduction zones (hachured areas: Peacock and Wang, 1999) . The metamorphic facies and their abbreviations are after Liou et al. (2004) . MFZ-Motagua fault zone, EC-eclogite.
In coarse-grained lawsonite eclogite, the equilibrium further limits the minimum pressure to >1.6-2.0 GPa at temperature to ~350-450 °C for the Grt + Jd + Fgl assemblage (Tsujimori et al., 2005) (Fig. 14A) . The Fe 2+ -Mg distribution between omphacite and garnet also provides geothermobarometric information. The change in the Fe 2+ -Mg distribution coefficient (K D ) between omphacite inclusions and adjacent garnet basically decreases from core to rim, suggesting heating during growth. The peak thermal condition was achieved at the highest X Mg portion of the garnet rims within the lawsonite stability field (Figs. 5E and 7). A summary of the garnet-clinopyroxene thermometry at 2 GPa, applying the calibration of Krogh Ravna (2000), is shown in Figure 15 : at P = 2.0 GPa, T = 290-490 °C (Fig. 14A) . A relatively wide range of variations might be caused from the Fe 2+ /Fe 3+ estimation of omphacite and incomplete equilibrium between omphacite inclusions with adjacent garnet. Although the omphacite and garnet may not have achieved equilibrium at these low temperatures, the preservation of pumpellyite in lawsonite supports this low-T interpretation (e.g., Liou, 1980, 1983) . Garnet-clinopyroxenephengite thermobarometry (Krogh Ravna and Terry, 2004) of composite mineral inclusions in garnet rims near the highest X Mg portion in the coarse-grained jadeite eclogite, and of matrix pairs in fine-grained jadeite eclogite, yields a maximum P = 2.4-2.6 at T = ~480 °C (Fig. 14A) . Therefore, it is likely that eclogitization initiated at T = ~300 °C and P > 1.1 GPa, and continued to T = ~480 °C and P = ~2.6 GPa.
Retrograde Eclogite Stage
Folding of the pre-existing S 2 foliation and formation of the S 3 foliation accompanied the retrograde eclogite stage. The mineral assemblage is best preserved in type II lawsonite eclogite and garnet-bearing lawsonite blueschist, and has reversely zoned garnet rims and Omp ± Gln + Lws + Rt + Qtz ± Phe within S 3 ; these glaucophanes and lawsonites contain rutile inclusions. Garnet-clinopyroxene-phengite thermobarometry (Krogh Ravna and Terry, 2004) yields P = ~1.8 GPa and T = 400 °C (Fig. 14A ). It may be improbable that garnet grew during retrogression at such low T, however, retrograde garnet growth with a distinct X Mg drop at the outermost rims has been described from eastern Alpine (Hoschek, 2001 ) and Sanbagawa eclogites (Ota et al., 2004) . In a simplified Al 2 O 3 -CaO-MgO system with five phases (Lws, Chl, Prp, Grs, and Di) and excess Qtz and H 2 O, the phase rule specifies a single invariant point and five univariant curves. Among these curves, a garnet-forming reaction within the stability field of Di + Grt (Prp +Grs): has a positive dP/dT slope of ~0.2 GPa/100 °C for garnet (prp 10 grs 25 ) and omphacite (di 35 ). Therefore minor retrograde garnet overgrowth may be explained by this reaction.
Blueschist Stage
The late blueschist-facies assemblage is Gln + Lws + Chl + Phe + Ttn + Qtz ± Ab. No Fe-Mg exchange geothermobarometer is applicable to the observed mineral assemblage, however, this paragenesis suggests T < 300 °C (e.g., Maruyama and Liou, 1988; Evans, 1990 . In coarse-grained jadeite eclogite, the retrograde assemblage Jd-II ± Omp + Ttn + Chl + Qtz ± Ab may represent this same stage. The simultaneous growth of two clinopyroxenes with a wide compositional gap and the Jd + Qtz = Ab sliding equilibrium (equation 7) (Holland, 1983) suggest approximate P-T conditions of P = ~0.7 GPa and T <~300 °C (Tsujimori et al., 2005) (Fig. 14A) . 
DISCUSSION
P-T-D Paths of Subduction and Exhumation
Detailed petrologic and microstructural examination of various high-pressure rock types in the Carrizal Grande area constrains the P-T-deformation (D) history during the subduction and exhumation of the eclogitized oceanic crust. As described herein, there are four deformational stages: D 1 , D 2 , D 3 , and D 4 ; D 3 was the dominant stage.
The D 1 -D 2 stages correspond to prograde eclogite stages, and D 3 represents a retrograde eclogite stage. The P-T constraints suggest that eclogitization during the D 1 -D 2 stage initiated at T = 300 °C and P > 1.1 GPa and continued to T = ~480°C and P = 2.6 GPa (Fig. 14) . This prograde eclogitization was accompanied by ductile to partly brittle deformation.
In contrast, the D 3 stage, with P = ~1.8 GPa and T = ~400°C, postdates the thermal maximum, because S 3 minerals are texturally in equilibrium with reversely zoned garnet rims that lack the S 2 fabric.
Furthermore, hydration and blueschist-facies recrystallization at shallower levels occurred in the high-pressure rocks of the Carrizal Grande area; the breakdown of rutile is critical to defining this later stage. The development of the blueschistfacies hydration was heterogeneous, limited by fluid introduction, seen as irregular-shaped glaucophane-rich hydrous veins. However, it appears to have been coeval with the minor but ubiquitous D 4 deformation defined by open folds, crenulations, and shear. The D 4 deformation may have affected the serpentinite associated with the high-pressure rocks. Metasomatic rocks, such as jadeitite, omphacitite, lawsonite-jadeite rock, and omphacite-glaucophane rock, are closely associated with the serpentinite and high-pressure rocks (e.g., Harlow, 1994; Harlow et al., 2003; Harlow and Sorensen, 2005) . The available petrologic information for these metasomatic rocks suggests that they were synchronous with the blueschist-facies stage and accompanying D 4 deformation. Formation of the serpentinite mélange then postdated D 4 .
As shown in Figure 14B , the inferred P-T trajectory lies near a geotherm of ~5 °C km -1 , i.e., near the "forbidden zone" of Liou et al. (2000) , and shows a characteristic hairpin-like path. Such a P-T path suggests that the rocks were refrigerated during exhumation such that no greenschist-or amphibolitefacies recrystallization took place. The eclogitized oceanic crust was thus most likely exhumed up a subduction channel, and then trapped in serpentinite at shallow levels (<40 km), where the lawsonite blueschist developed. eclogite xenoliths from the Colorado Plateau show this change (Helmstaedt and Schulze, 1988; Usui et al., 2003) . In the Guatemalan lawsonite eclogites, the grossular component is essentially constant or decreases slightly from core to rim (Fig. 7) . This indicates that the chlorite-consuming reactions to form almandine-pyrope-spessartine garnet were more effective than the lawsonite-consuming reaction to form the grossular component. At ~100 km depth in cold subduction zones, dehydration-induced seismicity may be caused by these chloriteconsuming reactions. Figure 16 . Thermal structure of the NE Japan subduction zone (Peacock and Wang, 1999; Hacker et al., 2003b ) is similar to the prograde pressure-temperature (P-T) trajectory for Guatemalan lawsonite eclogite. The areas marked JdLwBS and LwAmEC represent jadeite lawsonite blueschist and lawsonite amphibole eclogite fields of Hacker et al. (2003a Hacker et al. ( , 2003b . Isotherm contour interval is 100 °C.
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